INTRODUCTION {#sec1-1}
============

High cervical spinal cord injury (SCI) patients are associated with quadriplegia and loss of respiratory function. Quality of life suffers as a result of decreased mobility and linguistic function. Moreover, the complications of mechanical ventilation such as mechanical obstruction and pulmonary infection are associated with high mortality\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7]\]. Phrenic nerve pacing can free a quadriplegic patient from ventilatory dependency by simulating a natural negative pressure\[[@ref4][@ref8]\]. It improves the mobility range of patients and allows normal speech. However, phrenic nerve pacing still has the potential risk of nerve injury, undesirable movement, pacemaker failure, infection, complications from surgery, and does not allow optimal physiological control of respiration\[[@ref2][@ref4][@ref8][@ref9][@ref10]\].

Microsurgery to repair brachial plexus injuries has been able to achieve satisfactory improvement in muscle power, movement of joints, and prevention of deformity by anastomosis\[[@ref11][@ref12]\]. This success has led us to embark on nerve transfer as an alternative to restore respiratory function in patients with high cervical SCI.

The diaphragm plays a significant role in eupnoea. It is also the major muscle of respiratory movement. Ventilatory capacity induced by the contraction of the diaphragm accounts for 75-80% of eupnoea. Auxiliary respiratory muscles such as the intercostal and abdominal muscles cannot sustain normal respiration alone\[[@ref6]\]. Polentes *et al*\[[@ref13]\] evaluated functional respiratory recovery by recording diaphragm and phrenic nerve activity after transplantation of olfactory ensheathing cells following cervical cord hemisection. The ipsilateral phrenic activity in transplanted rats only achieved 57.5% of that of the control rats after elimination of any contralateral influence via contralateral acute C~1~ section. Gauthier *et al*\[[@ref14]\] studied unilateral recurrent laryngeal phrenic nerve anastomosis for improving respiratory function of rats after high cervical SCI. The authors found that rats could survive without asphyxiation, even after complete C~2~ spinal transection 5 months after nerve transfer. Gauthier *et al*\[[@ref14][@ref15]\] and Vinit *et al*\[[@ref16]\] proposed that neuroplasty and remodeling may have taken place to control respiratory function after nerve transfer. Zhou *et al*\[[@ref17][@ref18][@ref19]\] studied respiratory function following high cervical cord injury after regeneration of the accessory and phrenic nerves. Anatomical, histological, and electrophysiological analysis on the reconstructed nerve and re-innervated diaphragm confirmed that motor function of the diaphragm was present 6 months after nerve transposition. Although these studies showed good results, long distance regeneration of the nerve may reduce the survival rate of axons, which may greatly affect the re-innervation of the target organ\[[@ref20]\]. Thus, the current study used the esophageal branch of the vagus nerve as the donor nerve to transfer to the phrenic nerve, which we hypothesized, would minimize the distance of regeneration. We also studied the anatomical relationship and compared the content of nerve fibers between the two nerves.

RESULTS {#sec1-2}
=======

Vagal track and anatomical characteristics of esophageal plexus {#sec2-1}
---------------------------------------------------------------

The track of the right and the left vagus nerve in the chest is slightly different. After arriving at the lung root, the left one separates into many branches to form the left lung plexus and the anterior esophageal plexus, and the right one forms the right pulmonary plexus and posterior esophageal plexus. We dissected the vagus nerve carefully and found that the beginning of the esophageal plexus is relatively fixed around the hilum of the lung. Before forming the anterior trunk and posterior trunk of the vagus nerve, the branches of the esophageal plexus show a parallel form or a reticulate form. We concluded that if we selected one of them to transfer to the phrenic nerve, little influence on nerve transfer will be caused.

Positional relationship of the vagus and phrenic nerves {#sec2-2}
-------------------------------------------------------

We established the positional point of the vagus nerve and phrenic nerve on the clavicle as U; the point of the vagus nerve and phrenic nerve on the plane of the superior border of the heart as M; the point of the vagus nerve and phrenic nerve on the plane of the inferior border of portal pulmonary arteries as T; the middle point of T and the terminal point of the phrenic nerve and vagus nerve on the plane of diaphragmatic muscle as W (T and W were located on the branch of esophageal plexus) ([Figure 1](#F1){ref-type="fig"}).

![Anatomical features of the vagus nerve and phrenic nerve in the thoracic cavity (A), and the distribution of the esophageal plexus of the vagus nerve (B).\
O: Branch of esophageal plexus; P: phrenic nerve; C: hilum of lung; H: pericardium; D: diaphragmatic muscle; M: M point; T: T point; W: W point.](NRR-7-703-g001){#F1}

The length of the phrenic nerve in the thoracic cavity on the left side was greater than that on the right side (*P* \< 0.01; [Table 1](#T1){ref-type="table"}). The distance from the T point was about 7 cm to the diaphragm and was about 10 cm to clavicle level ([Table 1](#T1){ref-type="table"}). The width and thickness of the phrenic and vagus nerves were similar ([Table 2](#T2){ref-type="table"}), which would be suitable for end-to-end anastomosis. At U point, M point, T point, and W point, the distance between the phrenic nerve and vagus nerve ranged from 1.26 ± 0.43 cm to 5.54 ± 1.57 cm ([Table 3](#T3){ref-type="table"}), which was relatively fixed between subjects. The phrenic nerve was long enough to allow tensionless transfer to the branch of esophageal plexus.

###### 

Length (cm) of the phrenic nerve and the distance from the T point to the diagram and to the clavicle level
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###### 

Width, thickness, and motor fiber and total nerve fiber counts at points (U, M, T, and W) in the phrenic nerve and vagus nerve
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###### 

Distance (cm) between the phrenic nerve and vagus nerve at points (U, M, T, and W) in the thoracic cavity
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Numbers of motor nerve fibers and total nerve fibers in the phrenic nerve and vagus nerve {#sec2-3}
-----------------------------------------------------------------------------------------

Measurements taken from points U, M, T, and W showed that the total number of nerve fibers in the vagus nerve ranged from 2 432 ± 761 to 4 473 ± 653 and the number of motor fibers ranged from 953 ± 336 to 1 716 ± 362. The total number of nerve fibers in the phrenic nerve ranged from 3 437 ± 642 to 5 071 ± 723, and the number of motor fibers ranged from 3 078 ± 684 to 4 794 ± 638 ([Table 2](#T2){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}). There was a gradually increasing trend in motor fiber number from the U point to the W point in the vagus nerve.

![Motor nerve fibres of the vagus nerve (A) and phrenic nerve (B) at the W point (stained using the streptavidin-peroxidase method, × 40).](NRR-7-703-g005){#F2}

The phrenic nerve exhibited a similar trend, but with larger changes in the amount of motor fibers at each point. The quantity of nerve fibers in the two nerves was similar. One axon in the proximal donor nerve regenerated three or four collaterals and grew into the receptor nerve\[[@ref22]\].

DISCUSSION {#sec1-3}
==========

The vagus nerve is the longest and most widely spread brain nerve. It contains four types of fibers: general visceral motor fibers (parasympathetic fibers), special visceral motor fibers, general visceral sensory fibers, and general somatic sensory fibers. It forms the cardiac plexus, the pulmonary plexus, and the esophageal plexus in the thoracic cavity. In our study, the branches of esophageal plexus show a parallel or reticulate form. Our results show that the width, thickness, and total number of nerve fibers is similar between the branch of esophageal plexus and phrenic nerve. Therefore, it would be possible to select one branch from esophageal plexus to neurotize the phrenic nerve and restore the function of the diaphragmatic muscle, whilst minimally affecting the vagus nerve.

Results from fiber counts showed that motor fiber content exhibited an increase from points U to W in the vagus nerve, but increased less than in the phrenic nerve. Jiang *et al*\[[@ref21]\] found that the ratio of regenerative myelinated axon number to proximal donor axon number was approximately 3.3 as an estimated maximum value, in an immediate repair model after peripheral nerve injury. This means that one axon in the proximal donor nerve can regenerate three or four collaterals and grow into the receptor nerve when the space in the receptor nerve is large enough. Thus, there is little impact on the vagus nerve as it grows into the phrenic nerve dominating the diaphragm.

The reported speed of axonal regeneration is about 1-2 mm/day\[[@ref22][@ref23]\] generally. Research on phrenic nerve transfer to brachial plexus root injuries showed that it took about one year, on average, to restore the power of the biceps muscle to Grade 3 (M3) in patients who received phrenic nerve transfer to the musculocutaneous nerve\[[@ref24]\]. Xu *et al*\[[@ref25]\] pointed out that the vascularizing procedure has little clinical value in full-length phrenic never transfers in patients with brachial plexus injury. It can also provide sufficient nutrition for the target muscle to recover function. Our results showed that the distance between the diaphragm and the transfer point of the phrenic nerve and esophageal plexus was approximately 7.19 ± 2.11 cm in the left side and 6.82 ± 1.5 cm in the right side. Compared with procedures performed in the neck, there is potential for a reduction in distance of approximately 10.91 ± 1.94 cm in the left side and 10.4 ± 2.23 cm in the right side. Specifically, the distance of axonal regeneration could be greatly shortened and the re-innervated span of the target organ could be reduced. This is because the closer the target organ and the anastomosis are, the more easily the function of the target organ recovers\[[@ref20]\]. Thus, our method has the potential to significantly recover the function of diaphragmatic muscle.

Zheng *et al*\[[@ref26]\] studied the reconstruction of the bladder reflex arc after SCI. The authors performed anastomosis between the proximal L5 ventral root (somatic motor) and the distal S2 ventral root (visceral parasympathetic), and confirmed that somatic motor nerves can grow into the visceral parasympathetic nerves, as shown by electrophysiological and horseradish peroxidase labeling experiments. Leiter *et al*\[[@ref27]\] verified that the electrical activity of the phrenic and vagus nerves are positively related during the inspiratory phase. Respiratory activity coincided with electrical activity.

To minimize the effect on patients, we propose to complete nerve transfer using video-assisted thoracoscopy. In the thorax cavity, the phrenic nerve can be easily located and separated by video-assisted thoracoscopy\[[@ref25]\]. However, the esophageal plexus is behind the heart and esophagus, which can be hard to locate. Our results here have shown that the beginning of esophageal plexus is relatively fixed. The distance between the nerves was 4.92 ± 1.49 cm on the left side and 4.42 ± 0.79 cm on the right side at the T point, and 5.54 ± 1.57 cm on the left side and 4.34 ± 0.72 cm on the right side at the W point. Upon location of the phrenic nerve, it should be possible to locate the esophageal plexus at the T point and W point. The operation could potentially be performed at the W point or below.

A good restoration strategy could enormously improve the quality of life in patients with upper cervical SCI. This study has confirmed the feasibility of neural regeneration of the phrenic nerve and vagus nerve anatomically. The procedure has the potential advantages of being able to reduce the span of regeneration and limit trauma for the patient. Following surgery, the donor nerve could provide spontaneous breathing to the patient, who could then live independently without need for ventilation. Further studies are needed to determine whether the nerve transfer procedure is able to benefit patients.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-4}
------

A neuroanatomical study.

Time and setting {#sec2-5}
----------------

The experiment was conducted at the Department of Neuroanatomy, Qiqihaer Medical University, China in September 2010.

Materials {#sec2-6}
---------

A total of 12 formalin-fixed cadavers (nine males, three females) were supplied by the Department of Anatomy, Qiqihaer Medical University.

Methods {#sec2-7}
-------

### Measurements {#sec3-1}

A total of 12 formalin-fixed cadavers were dissected in this study. The vagus and phrenic nerves were dissected carefully and measured by vemier caliper (accuracy 0.02 mm; Guilin Guanglu Measuring Instrument Co., Ltd., Guilin, China). (1) The width and thickness of the point of the vagus and phrenic nerves were measured using a vernier caliper. (2) The distances between the clavicle level and the endpoint of bilateral phrenic nerve were measured. The distances from the T point to the clavicle level of the phrenic nerve and the terminal point of the phrenic nerve were measured in the same way. (3) The distance between the phrenic nerve and vagus nerve at the U, M, T, W points were measured.

### Immunohistochemistry and number of motor fibers {#sec3-2}

Specimens of the points (U, M, T and W) of the vagus nerve and phrenic nerve from 12 cadavers were selected. The chosen segments were stained using the streptavidin-peroxidase method\[[@ref28]\]. Motor fibers were stained using rabbit anti-human choline acetyltransferase monoclonal antibody (1:200; Dako, Carpinteria, CA, USA), and nerve fibers were stained using rabbit anti-human neurofibrin monoclonal antibody (1:200; Dako). Motor and nerve fibers were visualized using diaminobenzidine. Fibers were observed under the microscope. Motor and nerve fibers were quantified using the Motic Med CMIAS Pathological Image Analysis System (Beihang Motic Inc., Beijing, China).

### Statistical analysis {#sec3-3}

Anatomical data and numbers of fibers are expressed as mean ± SD. Differences in the anatomical data and the number of motor fibers were analyzed by one-way analysis of variance (ANOVA). The Student-Newman-Keuls test was used for comparison between groups. Additionally, the Wilcoxon rank-sum test was employed to compare values if the values did not satisfy the conditions of one-way ANOVA, and the Kruskal-Wallis test was used for the comparison between groups. Statistical significance was accepted at *P* \< 0.05. Statistical analysis was conducted using SPSS 13.0 statistical software package (SPSS, Chicago, IL, USA).
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